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We have used electrospray ionization (ESI) Fourier-transform ion cyclotron resonance (FTICR)
mass spectrometry to characterize amino acid side chain losses observed during electron
capture dissociation (ECD) of ten 7- to 14-mer peptides. Side-chain cleavages were observed
for arginine, histidine, asparagine or glutamine, methionine, and lysine residues. All peptides
containing an arginine, histidine, asparagine or glutamine showed the losses associated with
that residue. Methionine side-chain loss was observed for doubly-protonated bombesin.
Lysine side-chain loss was observed for triply-protonated dynorphin A fragment 1–13 but not
for the doubly-protonated ion. The proximity of arginine to a methoxy C-terminal group
significantly enhances the extent of side-chain fragmentation. Fragment ions associated with
side-chain losses were comparable in abundance to those resulting from backbone cleavage in
all cases. In the ECD spectrum of one peptide, the major product was due to fragmentation
within an arginine side chain. Our results suggest that cleavages within side chains should be
taken into account in analysis of ECD mass spectral data. Losses from arginine, histidine, and
asparigine/glutamine can be used to ascertain their presence, as in the analysis of unknown
peptides, particularly those with non-linear structures. (J Am Soc Mass Spectrom 2002, 13,
241–249) © 2002 American Society for Mass Spectrometry
The introduction of electron capture dissociation(ECD) [1, 2] to electrospray ionization (ESI) [3–6]Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) [7, 8] constitutes a significant
advance in the analysis of peptides and proteins. Tan-
dem mass spectrometry [9], in which a precursor ion is
characterized according to its product fragments was
already well established as a method for obtaining
structural information. Techniques for inducing frag-
mentation in FT-ICR MS include sustained off-reso-
nance irradiation collision-induced dissociation (SORI-
CID) [10], infrared multiphoton dissociation (IRMPD)
[11, 12], blackbody infrared radiative dissociation
(BIRD) [13, 14], and surface-induced dissociation [15,
16]. Additional front-end techniques, in which ions are
fragmented before they reach the ICR trapped-ion cell,
include multipole storage assisted dissociation (MSAD)
[17, 18] and nozzle–skimmer fragmentation [19]. All of
these fragmentation techniques may result in cleavage
of backbone amide bonds of a gas-phase peptide ion to
form b and y product ions [20].
ECD is unique in that it typically produces c and z
ions. Following electron capture, a hydrogen atom is
proposed to be captured by a carbonyl oxygen. Subse-
quent bond rearrangement results in cleavage of the
backbone amine bond [2, 21]. The extent of cleavage
along the backbone in ECD is typically far greater than
that for other fragmentation techniques. Notably, no
cleavage is seen on the N-terminal side of proline
because of its cyclic structure. However, a peptide
containing proline may nevertheless be sequenced by
ECD. In general, neighboring amino acids have little
influence on ECD backbone cleavage although cleavage
on the C-terminal side of tryptophan has been reported
to be favored and little cleavage is seen on either side of
cysteine [22]. Initial studies by Kruger et al. [23] dem-
onstrated the possibility of sequencing entire peptides
solely by ECD. More recently, Håkansson et al. [24]
sequenced peptides at 200–2000 times lower concentra-
tion than previously reported. McLafferty and co-work-
ers [25] correctly determined the sequence of melittin
(2.8 kDa) and ubiquitin (8.6 kDa) from their ECD and
CID spectra by use of a de novo sequencing algorithm
[26]. That approach was further improved by activated
ion electron capture dissociation (AI ECD) in which
ions collide with a background gas while subjected to
ECD [27]. Virtually complete sequence coverage of
myoglobin and extensive sequence information in the
terminal regions of 29, 30, and 42 kDa proteins could
thereby be achieved.
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A particularly attractive feature of ECD is that,
unlike the products of other fragmentation techniques,
ECD backbone fragments tend to retain post-transla-
tional modifications. Kelleher et al. [28] showed that
sites of -carboxyglutamic acid residues and sulfated
side chains could be characterized. Further work
showed that sites of O-glycosylation [29], phosphoryla-
tion [30, 31] and N-glycosylation [32] could be localized.
Another feature of ECD is its ability to cleave disul-
fide bonds [21, 33]. In fact, such cleavage is favored over
backbone cleavage. Other fragmentation techniques do
not favor cleavage of disulfide bonds, thereby limiting
structural information. This problem may be circum-
vented by reduction of the disulfide bonds prior to
MS/MS analysis [34], but at the cost of a longer exper-
iment and greater required sample amount. The mech-
anism for disulfide cleavage in ECD is believed to differ
from that of backbone cleavage [33, 35].
In spite of numerous examples of electron capture
dissociation, scant attention has been paid to amino
acid side chain losses. Losses attributed to lysine and
arginine side chains were noted in passing in the
original study [1]. While using ECD to investigate the
structure of b2 ions, Haselmann et al. [36] noted the
loss of a histidine side chain. This behavior was ratio-
nalized by neutralization of the nearby acylium site
because the histidine residue was situated close to the
C-terminus. Our present results suggest that, far from
being inconsequential, side chain losses can constitute
important fragmentation pathways, in some cases the
major fragmentation pathway in electron capture dis-
sociation of peptides.
Experimental Methods
Samples
Luteinizing hormone releasing hormone (LHRH), neu-
rotensin, bombesin, and dynorphin A fragment 1-13 were
purchased from Sigma (St. Louis, MO) and used without
further purification. The peptides ALANGMARSHALL,
ALANGFARSHALL, ALANGPARSHALF, RSHRGHR,
Figure 1. ESI ECD FT-ICR m/z spectrum of LHRH [M  2H]2.
Figure 2. ESI ECD FT-ICR m/z spectrum of neurotensin [M 
2H]2.
Figure 3. ESI ECD FT-ICR m/z spectrum of bombesin [M 
2H]2.
Figure 4. ESI ECD FT-ICR m/z spectrum of dynorphin A frag-
ment 1–13 [M  2H]2.
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RPPGFSPFROCH3, and the disulfide-linked dimer of Ac-
CAAAAAK were synthesized by the BASS facility at
Florida State University. The samples were electrosprayed
from solutions of 1:1 water:methanol (J. T. Baker, Philips-
burg, NJ), 2% acetic acid (Aldrich, Milwaukee, WI) at 10
M concentration.
Electron Capture Dissociation FT-ICR Mass
Spectrometry
The peptide samples were analyzed with a homebuilt,
passively shielded, 9.4 tesla FT-ICR mass spectrometer
[37] equipped with an external microelectrospray ion-
ization source [38]. The samples were infused at a flow
rate of 300 nL/min through an electrospray emitter
consisting of a 50 m i.d. fused silica capillary which
had been mechanically ground to a uniform thin-walled
tip [39]. 1.8 kV was applied between the microspray
emitter and the capillary entrance. The electrosprayed
ions were delivered into the mass spectrometer through
a Chait-style atmosphere-to-vacuum interface [40] and
externally accumulated [38] for 3 s in a 45 cm rf-only
octapole. The ions were transferred through multipole
ion guides and trapped in an open [41] cylindrical cell
(Malmberg-Penning trap [42]). Stored-waveform in-
verse Fourier transform (SWIFT) [43–45] ejection served
to isolate the peptide ion under investigation.
A heated filament electron gun installed 1 m be-
hind the FT-ICR cell provided the electrons for ECD
[46]. The gun is probe-mounted on a flexible bellows
and can be tilted and translated for optimal placement
in the field. The filament was biased at 3.83 V at one end
and the heating current adjusted to get a potential drop
of between 2.0 and 2.3 V across the filament. A voltage
of 8 V was applied to a repeller plate located behind
the filament to increase the number of electrons inter-
acting with the trapped ions [24]. A grid situated in
front of the filament was kept at 80 V for most of the
experiment and pulsed to 20 V during the ECD event.
The isolated parent ions were irradiated with electrons
for 30 s.
The ECD fragment ions were frequency-sweep
(chirp) [47] excited (58 to 1280 kHz at 150 Hz/s) and
detected in direct mode (512 Kword time-domain data).
Figure 5. ECD FT-ICR m/z spectrum of ALANGMARSHALL
[M  2H]2.
Figure 6. ESI ECD FT-ICR m/z spectrum of ALANGFARSHALL
[M  2H]2.
Figure 7. ESI ECD FT-ICR m/z spectrum of ALANGPARSHALF
[M  2H]2.
Figure 8. ESI ECD FT-ICR m/z spectrum of RSHRGHR [M 
2H]2.
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Between fifteen and forty time-domain data sets were
co-added, Hanning apodized (to smooth the line shape)
[48], zero-filled once (to increase digital resolution) [48],
and subjected to fast Fourier transform (FFT) followed
by magnitude calculation. The experimental event se-
quence was controlled by a modular ICR data acquisi-
tion system (MIDAS) [49]. The FT-ICR mass spectra
were internally frequency-to-m/z calibrated [50, 51] with
respect to parent [M  nH]n, [M  nH](n1), and c, z,
or z fragment ions. The root mean square errors in all of
the spectra were less than 1.0 ppm, for a mass accuracy
of 3 ppm or less. The FT-ICR mass spectra were
analyzed by use of the MIDAS analysis software pack-
age [52].
Results and Discussion
Doubly-Protonated Peptide Ions
The ECD ESI FT-ICR mass spectra of the doubly-
protonated peptides LHRH, neurotensin, bombesin,
dynorphin A fragment 1–13, ALANGMARSHALL,
ALANGFARSHALL, ALANGPARSHALF, RSHRGHR,
RPPGFSPFROCH3, and the disulfide-linked dimer of
AcCAAAAAK are shown in Figures 1, 2, 3, 4, 5, 6, 7, 8,
9, and 10. Side-chain losses and major backbone frag-
ments (c, z, or z) are indicated.
The ECD mass spectrum of LHRH2 (pGlu-His-Trp-
Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2) contains peaks at-
tributed to side chain losses from the amino acids His
and Arg. The peak at m/z 1101.5374 constitutes a loss of
82.051 Da from the [M  2H] ion, and corresponds to
the elemental composition, C4H6N2 (82.053 Da), i.e., the
His side chain (see Scheme 1). Bombesin, ALANGMAR
SHALL, ALANGFARSHALL, ALANGPARSHALF, and
RSHRGHR all contain His and showed losses of 82.053,
82.055, 82.050, 82.048, and 82.051 Da from the [M  2H]
ion respectively. The remaining peptides do not contain
His and no losses of 82 Da were observed. His side-
chain loss has been reported previously in the ECD
spectra of bombesin b12
2 and b13
2 ions [36]. In these ions,
His is either at (b12
2) or next to (b13
2) the C-terminus and
the observation was explained by neutralization of the
nearby acylium site. In contrast, the above-mentioned
peptides have His at various points along the backbone
and His side-chain loss was nevertheless observed in each
case.
The peaks at m/z 1124.5437 and 1082.4957 in the ECD
spectrum of LHRH2 correspond to losses of 59.045
(CH5N3) and 101.093 Da (C4H11N3) from the [M 2H]

ion, and may be attributed to losses from the Arg
side-chain (see Scheme 2). With the exception of the
Figure 9. ESI ECD FT-ICR m/z spectrum of RPPGFSPFROCH3
[M  2H]2.
Figure 10. ESI ECD FT-ICR m/z spectrum of the disulfide-linked
dimer of Ac-CAAAAAK [M  2H]2. The cn notation refers to cn
fragments still disulfide-linked to an intact monomer.
Scheme 1
Scheme 2
244 COOPER ET AL. J Am Soc Mass Spectrom 2002, 13, 241–249
disulfide-linked dimer of AcCAAAAAK, all of the
peptides contain Arg and show some combination of
these losses. A peak at 101.095 Da less than the mass of
the [M  2H] ion was observed in the ECD spectrum
of doubly-protonated RPPGFSPFROCH3. All of the
peptides containing Arg showed peaks corresponding
to losses of 59.05 Da from the [M  2H] ion.
RSHRGHR was the only peptide to show a loss of
34.048 Da (N2H6, two ammonia molecules, 34.053 Da,
from the Arg side chain) from [M  2H] in its ECD
spectrum. The ECD spectra of dynorphin A fragment
1–13, RSHGHR, and RPPGFSPFROCH3 showed peaks
corresponding to losses of 44.034, 44.037, and 44.033 Da
from the [M  2H] ion respectively. These losses
correspond to the elemental composition, CH4N2
(44.037 Da) (see Scheme 2). For LHRH, a loss of 43.027
Da was observed and attributed to the loss of the
neutral radical, CH3N2 (43.029 Da) from the [M 2H]

ion.
A peak corresponding to a loss of 45 Da from the
[M  2H] ion was observed in the ECD spectra of
neurotensin (45.021 Da), bombesin (45.023 Da),
ALANGMARSHALL (45.024 Da), ALANGFARSHALL
(45.021 Da), and ALANGPARSHALF (45.022 Da). This
loss corresponds to the elemental composition, CH3NO
(45.022 Da), and is attributed to fragmentation within
an Asn or Gln (bombesin only) side chain (see Scheme
3). It is unlikely that this product results from an
amidated C-terminus because both bombesin and
LHRH are amidated but only bombesin showed this
product ion.
Neurotensin and bombesin were unusual in that
their ECD spectra showed losses of 27.999 and 27.992
Da respectively from the [M  2H] ion. These losses
correspond to CO (27.995 Da), which is difficult to
justify mechanistically. Bombesin also showed a loss of
74.021 Da from the [M  2H] ion, attributed to the
elemental composition, C3H6S (74.019 Da), i.e., a side
chain loss from Met (see Scheme 4). This loss was not
observed for the other Met-containing peptide
(ALANGMARSHALL) and may be due to the proxim-
ity of Met to the C-terminus. (A 73 Da loss was observed
for the peptide, ALANGMARSHALL, corresponding to
a y ion—not to be confused possibly with a Met-side chain
loss. That ion was also observed in the ECD spectra of
ALANGFARSHALL and ALANGPARSHALF).
The ECD spectra of most of the peptides showed
peaks corresponding to the loss of ammonia from the
[M  2H] ion. In the original ECD paper [1], such a
loss was attributed to fragmentation of the Lys side
chain. However, the monomer (results not shown)
and dimer of AcCAAAAAK (Figure 10) show no
ammonia loss. The only potential site of ammonia
loss in these peptides is Lys, and they were the only
peptides for which ammonia loss was not observed.
Thus, either ammonia loss from lysine does not occur
or its mechanism requires the presence of another
amino acid. The ammonia loss observed in the re-
maining peptides could result from the Arg (all), Asn
(neurotensin, bombesin, ALANGMARSHALL suite)
or Gln (bombesin) side chains, or from the C-termi-
nus of LHRH or bombesin.
The ECD spectrum of RPPGFSPFROCH3 (Figure 9)
contains several interesting peaks. In addition to the
side-chain losses described above, losses of 18.010,
32.020, 35.042, 36.017, 86.070, and 99.078 Da from the
[M  2H] ion were observed. A loss of 32.020 Da
corresponds to a methanol molecule (32.026 Da) from
the C-terminus. Losses of 18.010 and 36.017 Da corre-
spond to losses of one and two water molecules
(18.0106 Da each). The remaining losses correspond to
elemental compositions H4NO (35.037 Da), C3H8N3
(86.072 Da), and C4H9N3 (99.068 Da). None of these
losses is typical. In this peptide, one of the charged Arg
residues adjoins a non-standard C-terminus. These
losses likely result from the interaction of the Arg side
chain with the methoxy C-terminus.
Table 1 summarizes the observed losses, according to
particular amino acids in each peptide. It is interesting
to note that side-chain losses are observed only for basic
residues, i.e., those likely to carry the charge and
capture the electron.
Scheme 3
Scheme 4
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Relative Abundances of Ions Resulting from Side-
Chain Cleavages
In some cases, ions due to side-chain cleavages consti-
tute major components of the ECD spectrum. The best
example is the ECD spectrum of RSHRGHR (Figure 8).
Generally, the most abundant product of electron cap-
ture is the [M  nH](n1) ion (for which [M  nH]n
is the precursor ion). However, in this spectrum the Arg
side-chain loss (59 Da) was the most abundant prod-
uct, presumably due to the high percentage of this
amino acid in the peptide. For dynorphin A fragment
1–13 and RPPGFSPFROCH3, the corresponding prod-
uct ion magnitude was greater than 50% that of the
[M  2H] ion and comparable to the backbone frag-
ments. In the neurotensin ECD spectrum, the corre-
sponding product ion magnitude was 15% that of the
[M  2H] ion, 34% of the z12 ion, 83% of the c13 ion,
and greater than any of the remaining product ions.
In the LHRH ECD spectrum, the abundance of the
ion resulting from His side-chain loss was 43% that of
the [M  2H]ion, 59% of the most abundant backbone
ion (z6) and greater than any of the remaining ions. The
abundance of the product ion resulting from Met side-
chain loss in ECD of bombesin was 21% that of the
major backbone fragment (c8) and comparable to the
other observed backbone fragments.
Triply-Protonated Peptide Ions
The ECD FT-ICR mass spectra of the triply-protonated
peptides, neurotensin and dynorphin A fragment 1–13,
are shown in Figures 11 and 12. The results are sum-
marized in Table 2. Side-chain cleavages are even more
extensive for the triply-protonated peptides. ECD of
doubly-protonated neurotensin resulted in the loss of
ammonia (from Arg or Asn), loss of CH3NO (from Asn),
and CH5N3 (from Arg). In the ECD of triply-protonated
neurotensin, however, singly charged ions resulting
from these losses were observed in addition to losses of
N2H6 (i.e., two molecules of ammonia) and C4H11N3
from the Arg side-chain. Losses of ammonia, CH3NO,
and CH5N3 from the [M  3H]
2 ion were also seen as
doubly charged ions. The loss of 27.993 Da from [M 
3H]2 was seen as a doubly-protonated ion. That
product was observed in the ECD of [neurotensin]2
and is attributed to the loss of CO (27.995 Da). The
peaks corresponding to side-chain losses in the ECD
spectrum of [neurotensin]3 are all of comparable abun-
dance to the backbone fragment ions.
The ECD spectrum of doubly-protonated dynorphin
A fragment 1–13 showed peaks corresponding to the
losses of ammonia, CH4N2, and CH5N3 from the Arg
side chain. The ECD spectrum of the triply-protonated
ion showed peaks corresponding to these losses from
both the [M  3H] and [M  3H]2 ions, i.e., both
singly and doubly charged. Additionally, Arg side-
chain losses of N2H6 (i.e., two molecules of ammonia)
from [M  3H] and [M  3H]2 ions and C4H11N3
from [M  3H] were observed. This spectrum showed
Figure 11. ESI ECD FT-ICR m/z spectrum of neurotensin [M 
3H]3.
Table 1. Side chain losses from amino acid residues following ECD of doubly-protonated peptides
Peptide
Arg losses
Present? 34 44 59 101
His losses
Present? 82
Asn/Gln losses
Present? 45
Met losses
Present? 74
LHRH pEHWSYGLRPGNH2  N Y* Y Y  Y X N X N
Neurotensin
pELYENKPRRPYIL
 N N Y N X N  Y X N
Bombesin
pEQRLGNQWAVGHLMNH2
 N N Y N  Y  Y  Y
Dynorphin A Fragment 1-
13 YGGFLRRIRPKLK
 N Y Y N X N X N X N
ALANGMARSHALL  N N Y N  Y  Y  N
ALANGFARSHALL  N N Y N  Y  Y X N
ALANGPARSHALF  N N Y N  Y  Y X N
RSHRGHR  Y Y Y N  Y X N X N
RPPGFSPFROCH3  N Y Y Y X N X N X N
(AccCAAAAAK)2 X
a N N N N X N X N X N
*Loss of 43 observed–see text.
aX  Not present.
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a peak corresponding to a loss of 73.080 Da from the [M
 3H] ion and one corresponding to a loss of 73.089
Da from the [M  3H]2ion, namely, a loss of C4H11N
(73.089 Da), i.e., a lysine side chain (see Scheme 4). Such
behavior was observed only for this peptide. Again, the
magnitudes of the peaks corresponding to the products
of side chain cleavage were comparable to those corre-
sponding to the products of backbone cleavage. No
peaks corresponding to the products of cleavages
within two side chains were observed in either the
[neurotensin]3 or the [dynorphin A fragment 1–13]3
ECD spectrum.
Conclusion
The ECD ESI FT-ICR mass spectra of the peptides
studied show a number of products resulting from
side-chain cleavage. The magnitudes of the side-chain
loss peaks were comparable to those relating to back-
bone cleavage for all ten of the peptides considered
here. Side-chain fragmentation appears to occur exclu-
sively in basic residues, i.e., those residues likely to
carry the positive charge and capture the electron. All
peptides containing arginine exhibited losses associated
with the Arg side chain. The loss of CH5N3 was
particularly dominant and for the peptide RSHRGHR
was the most abundant product of ECD. This result was
unexpected because by far the most abundant ECD
product is typically that in which an electron is cap-
tured and no dissociation occurs. All peptides contain-
ing histidine showed cleavage of the side-chain, irre-
spective of its sequence position. We infer that His need
not be in close proximity to the C-terminus for such loss
to occur. Fragmentation within the asparagine or glu-
tamine side chain resulting in the loss of CH3NO was
observed for all peptides containing those residues.
This loss had not been reported previously. Another
previously unreported fragmentation within the methi-
onine side chain was observed for bombesin, but was
not observed for the other Met-containing peptide
(ALANGMARSHALL).
With the exception of the disulfide-linked dimer of
AcCAAAAAK, all ten peptides showed loss of ammo-
nia. If ammonia loss were associated with the Lys side
chain, it would be expected for this peptide as well. We
therefore conclude either that ammonia is not lost from
lysine or that ammonia loss from lysine involves an-
other amino acid in the reaction. Ammonia loss could
result from Arg cleavage (all ten peptides) or Asn/Gln
or amidated C-termini cleavage for peptides containing
these residues. The peptide, RPPGFSPFROCH3, exhib-
ited extensive fragmentation of the Arg side chain and
loss of water. Such behavior is presumably due to the
proximity of the Arg residue to the non-standard me-
thoxy C-terminal group.
Increased charge on the peptides resulted in in-
creased side-chain cleavage. For example, ECD of the
doubly-protonated neurotensin ion resulted in the
loss of ammonia (from Arg or Asn), a loss of CH3NO
(from Asn), and CH5N3 (from Arg), whereas ECD of
the triply-protonated neurotensin ion resulted in
these losses plus losses of N2H6 (i.e., two molecules of
ammonia) and C4H11N3 from the Arg side chain, and
the loss of either CO or N2. The ECD spectrum of
triply-protonated dynorphin A fragment 1–13
showed the loss of a lysine side chain, a result not
found for any other lysine containing peptide nor in
the ECD spectrum of doubly-protonated dynorphin
A fragment 1–13.
In summary, side-chain cleavage appears to be a
non-negligible pathway in peptide ion dissociation fol-
lowing electron capture. Fragmentations of this type
should therefore be borne in mind in analysis of ECD
data, and could be of added diagnostic value in identi-
fying arginine, histidine, and asparigine/glutamine in
unknown peptides.
Figure 12. ESI ECD FT-ICR m/z spectrum of dynorphin A
fragment 1–13 [M  3H]3.
Table 2. Side chain losses from amino acid residues following ECD of triply-charged peptides
Peptide
Arg losses
Present 34 44 59 101
His losses
Present? 82
Asn/Gln losses
Present? 45
Lys losses
Present? 73
Neurotensin
pELYENKPRRPYIL
 Y N Y Y Xa N  Y X N
Dynorphin A Fragment 1-13
YGGFLRRIRPKLK
 Y Y Y Y X N X N  Y
aX  Not present.
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